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We argue that a genuine image of the black hole viewed by a distant observer is not its shadow,
but a more compact event horizon image probed by the luminous matter plunging into black hole.
The external border of the black hole shadow is washed out by radiation from matter plunging into
black hole and approaching the event horizon. This effect will crucially influence the results of future
observations by the Event Horizon Telescope. We show that gravitational lensing of the luminous
matter plunging into black hole provides the possibility for visualization of the event horizon. The
lensed image of the event horizon is formed by the highly red-shifted photons emitted by the plunging
matter very near the black hole event horizon and detected by a distant observer. The resulting
event horizon image is a gravitationally lensed projection on the celestial sphere of the whole black
hole event horizon sphere. Seemingly, black holes are the unique objects in the Universe which may
be viewed by distant observers at once from both the front and back sides.
1. INTRODUCTION
The supermassive black hole SgrA* at the Galactic
Center with a massM = (4.3±0.3)106M⊙ [1–6] is the ob-
ject of especially steadfast investigations. The one reason
is that this black hole is the nearest “dormant” quasar
dwelling precisely at the center of our native Galaxy. The
other reason is that nowadays there are technologies per-
mitting to view the enigmatic black hole directly for the
first time. The Event Horizon Telescope, a global net-
work of mm and sub-mm telescopes [7–16], intends to re-
veal the shadow of supermassive black hole at the Galac-
tic Center [17–28]. It would be the first direct experi-
mental verification (or falsification) of the very existence
of black holes in the Universe.
The black hole shadow is formed by gravitational lens-
ing of luminous background, consisting of bright stars or
hot gas, which are located either far enough from the
black hole or at the stationary orbits around it. In other
words, the black hole shadow is a capture cross section
of background photons viewed by distant observers on
the celestial sphere. For more general and rigorous def-
initions of the black hole shadow see, e. g., [29–31] and
references therein.
A next stage in investigation of the black hole shadow
at the Galactic Center would be the detailed elaboration
of its shape for verification of the General Relativity in
the strong field limit [29–41]. One of the promising inter-
ferometric projects for this future study is the proposed
Russian Millimetron space interferometer project with an
angular resolution of about one nanoarcsecond [42]. Re-
alization of the Millimetron space interferometer project
will provide the basis for realization of even the more
advanced projects for verification not only the General
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Relativity in the strong field limit but also its numerous
modifications.
In view of the very weak accretion onto the supermas-
sive black hole SgrA* at the Galactic Center we will ne-
glect in the following the difference between the apparent
and event horizons. It is generally believed that the black
hole event horizon is invisible and cannot be imaged. We
show below that gravitational lensing of the luminous
matter plunging into black hole provides the principle
possibility for revealing the event horizon image. This
event horizon image is projected on the celestial sphere
within the position of black hole shadow, predicted by
the Kerr metric. The resulting event horizon image is a
gravitationally lensed projection on the celestial sphere
of the whole black hole event horizon sphere.
The black hole shadow and the event horizon image
may be revealed at once by simultaneous observations
with several telescopes of different types. Namely, the
black hole shadow may be detected in the X-rays or in
the near far Infra-Red by observation of the foreground
sources and the gravitationally lensed images, e. g., of
normal stars or neutron stars behind the black hole,
which are moving around black hole on the stationary
orbits. At the same time, the distant observer may re-
veal the event horizon image by detecting the highly red-
shifted photons in the radio waves, radiated very near
the black hole horizon by the plunging compact sources,
e. g., neutron stars or gas clouds.
It is convenient to use units with the gravitational con-
stant G = 1 and the velocity of light c = 1. With
these units we define the dimensionless values of space
distances, r ⇒ r/M , and time intervals, t ⇒ t/M and
the dimensionless spin parameter of the Kerr space-time
for rotating black hole, 0 ≤ a = J/M2 ≤ 1, where M
and J are, respectively, the black hole mass and angular
momentum. The event horizon radius in the Kerr space-
time is rh = 1 +
√
1− a2. At a = 0 the Kerr space-time
coincides with the Schwarzschild one. For numerical cal-
culations of gravitational lensing in the Kerr space-time
2background we use the integral equations of motion for
photons [19, 43–46] in Boyer–Lindquist coordinates [47]:∫
C
dr√
Vr
=
∫
C
dθ√
Vθ
, (1)
φ =
∫
C
a[E(r2+a2)−La]
(r2 − 2r + a2)√Vr
dr +
∫
C
L−aE sin2 θ
sin2 θ
√
Vθ
dθ, (2)
where
Vr = [E(r
2+a2)−aL]2 −∆[µ2r2 + (L−aE)2 +Q],(3)
Vθ = Q− cos2 θ[a2(µ2 − E2) + L2 sin−2 θ] (4)
are, respectively, the latitudinal and radial effective po-
tentials. There are four constants of motion for a test
particle in the Kerr metric: mass µ, total energy E, az-
imuthal angular momentum L and Carter constant Q,
defining the non equatorial motion. The integrals in (1)
and (2) are understood to be path integrals along the test
particle trajectory connecting a source to an observer.
Trajectories of massive particles (µ 6= 0) in the Kerr
space-time are determined by three parameters (con-
stants of motion): γ = E/µ, λ = L/E and q =√
Q/E. The corresponding trajectories of photons (null
geodesics) are determined by two parameters, λ and q,
which coincide with the horizontal and vertical impact
parameters of photons on the celestial plane for a distant
observer in the black hole equatorial plane. The Boyer–
Lindquist coordinates, which we use in numerical calcu-
lations of photon trajectories, coincide asymptotically at
r →∞ with the flat Euclidean spherical coordinates.
See [48–52] for corresponding examples of analytical
computations for null geodesics in the Kerr space-time.
An example of numerical gravitational lensing animation
of the compact star orbiting the rotating black hole see
at [56, 57].
See in Fig. 1 the examples of 3D trajectories for mas-
sive test particles, plunging into the fast rotating back
hole and infinitely “winding” around black hole by ap-
proaching to the event horizon. These 3D trajectories
are calculated from combined numerical solution of inte-
gral equations of motion (1) and (2).
2. BLACK HOLE SHADOW
The apparent shape of the black hole shadow, as seen
by a distant observer in the equatorial plane, is deter-
mined parametrically, (λ, q) = (λ(r), q(r)), from simulta-
neous solution of equations Vr(r) = 0 and [rVr(r)]
′ = 0
(see, e. g.,[18, 19]):
λ =
−r3 + 3r2 − a2(r + 1)
a(r − 1) , (5)
q2 =
r3[4a2 − r(r − 3)2]
a2(r − 1)2 . (6)
Figure 1. Examples of 3D trajectories in the Boyer-Lindquist
coordinates for massive test particles (µ 6= 0), plunging into
the fast rotating back hole (a = 0.998) near the north pole of
the event horizon (γ = 1, λ = 0, q = 1.85), near its equator
(γ = 1, λ = −1.31, q = 0.13) and in the south hemisphere
(γ = 1, λ = −1.31, q = 0.97
Figure 2. The shadow (purple disk) of Schwarzschild black
hole (a = 0) with a radius rsh = 3
√
3 ≃ 5.196. Inside the
shadow it is shown the fictitious image (blue disk) of the event
horizon with radius rh = 2 in the imaginary Euclidean space.
It shown the photon trajectory (multicolored 3D curve) near
the shadow boundary (with impact parameters λ = 0 and
q = 3
√
3), starting from a distant background, winding near
a radial turning point at rmin = 3 around the black hole event
horizon (blue sphere) and reaching finally a distant observer
at the north pole of the black hole shadow.
3Figure 3. The shadow (purple region) of the extremely
fast rotating Kerr black hole (a = 1). As a representa-
tive example it is shown the photon trajectory (multicol-
ored 3D curve) near the shadow boundary (with λ = 0 and
q =
√
3−√2(1 + √2)3/2] ≃ 4.72), starting from a distant
background, winding around the black hole event horizon
(blue sphere) and reaching a distant observer at the inter-
section of the shadow border with the projection of the black
hole rotation axis. This photon has a radial turning point at
rmin = 1 +
√
2. A vertical magenta arrow is the black hole
rotation axis. Inside the shadow it is shown the fictitious im-
age (blue disk) of the event horizon with radius rh = 1 in the
imaginary Euclidean space.
The shadow of Schwarzschild black hole (a = 0) is
shown in Fig. 2. The largest (purple) disk is the black
hole shadow with a radius rsh = 3
√
3 ≃ 5.196. The blue
disk at the shadow center is a fictitious event horizon
image in the imaginary Euclidean space.
The corresponding shadow of extreme Kerr black hole
(a = 1) is shown in Fig. 3. It is also shown the photon tra-
jectory (multicolored 3D curve) near the shadow bound-
ary (with λ = 0 and q =
√
3−√2(1 +√2)3/2] ≃ 4.72),
starting from a distant background and reaching distant
observer at the intersection of the shadow border with
the projection of the black hole rotation axis. This pho-
ton has a radial turning point at rmin = 1 +
√
2. Inside
the shadow it is shown the fictitious image (blue disk) of
the event horizon with radius rh = 1 in the imaginary
Euclidean space.
3. EVENT HORIZON IMAGE
In the vicinity of a black hole, like the SgrA*, besides
the near stationary foreground matter, there may be the
non-stationary luminous objects (dense gas clouds and
compact stars), plunging into black hole. These luminous
Figure 4. The event horizon image (blue disk) inside the black
hole shadow (purple disk) in the Schwarzschild case (a = 0).
The dashed magenta circle here and on the subsequent Figs.
is a fictitious outer border of the event horizon image in the
imaginary Euclidean space. The trajectories of some photons
forming the event horizon image are shown: 4 (red colored)
trajectories with
√
λ2 + q2 = reh are starting from the far-
thest point of the event horizon globe, and,respectively, 4 (ma-
genta colored) trajectories with
√
λ2 + q2 = rEW are starting
from the East-West meridian. Images of some parallels (blue
curves) and meridians (black curves) are also shown on the
event horizon globe (blue sphere) and on its projected image
(blue region) viewed by distant observer. The light-blue part
of the event horizon image is a projection of the nearest event
horizon hemisphere. Respectively, the dark-blue part of the
event horizon image is a projection of the farthest event hori-
zon hemisphere. A distant observer views the event horizon
at once from both the front and back sides.
objects will inevitably washing out the outer border of
the observable black hole shadow.
It is useful to imagine the gedankenexperiment of
throwing the luminous probes in all directions and from
every quarter into the black hole. A distant observer
will see the progressively weakened image of each plung-
ing probe, approaching the event horizon with the red-
shift of emitting photons growing to infinity for the “last”
photon. Position of the last lensed photon on the celes-
tial sky, determined by the tracking of separate plunging
probe, will map the single point on the event horizon.
The set of these points would be the one-to-one projec-
tion of the whole event horizon sphere into its lensed
image. The last detected highly red-shifted photons will
mark the specific final points on the event horizon image.
In result, the limiting process of registration the pro-
gressively fading images of plunging luminous probes
(like the compact stars and hot clouds) provides the event
horizon mapping into its viewed image. It is crucial
that this image is a complete one-to-one projection of
the whole event horizon sphere. This unique property of
the event horizon image means that any distant observer
4Figure 5. The detailed view of the event horizon image inside
black hole shadow in the Schwarzschild case (a = 0).
may view at once the black hole on all sides.
In this research we consider an idealized case for the
event horizon imaging, when there are only compact lu-
minous probes, plunging separately into black hole, and
any other background or foreground luminous matter is
absent. Meanwhile, we will use the position on the celes-
tial sphere of the predicted black hole shadow in the Kerr
metric for the corresponding localization of the event
horizon image. In this respect it does not matter see
you really the black hole shadow or not.
In Fig. 4 the trajectories of some photons forming the
event horizon image of the Schwarzschild black hole are
shown, which are starting just above the event horizon
globe: 4 (red colored) trajectories with
√
λ2 + q2 = reh
are starting from the farthest point, and 4 (magenta
colored) trajectories with
√
λ2 + q2 = rEW are starting
from the East-West meridian. Images of some parallels
and meridians of the event horizon globe are also shown.
A distant observer views at once both the front and back
sides of the event horizon.
The outer boundary of event horizon image, viewed by
a distant observer in the equatorial plane, is defined by
solving the integral equation
∫ ∞
2
dr√
Vr
= 2
∫ pi/2
θ0
dθ√
Vθ
. (7)
where θ0 is a turning point in the latitudinal θ-direction
on the photon trajectory for direct image, defined from
equation Vθ = 0. Photons, producing the direct image in
the Cunnungham–Bardeen classification scheme for mul-
tiple lensed images [53, 54], do not intersect the black
Figure 6. The event horizon image of extreme Kerr black
hole (a = 1) and trajectories (multicolored 3D curves) of some
photons forming this image and outgoing to a distant observer
from the North and South poles (with λ = 0, q = 1.77) and
from the equator (with λ = −1.493, q = 3.629) of the event
horizon globe with a radius rh = 1. The largest purple re-
gion is the black hole shadow. Images of some parallels (blue
curves) and meridians (black curves) are also shown on the
event horizon globe (blue sphere) and on its projected image
(blue region) viewed by distant observer. The light-blue part
of the event horizon image is a projection of the nearest event
horizon hemisphere. Respectively, the dark-blue part of the
event horizon image is a projection of the farthest event hori-
zon hemisphere. A distant observer views the event horizon
at once from both the front and back sides.
hole equatorial plane on the way from emitting probe to
a distant observer.
In the simplest spherically symmetric Schwarzschild
case (a=0) the event horizon sphere has radius rh = 2,
a turning point θ0 = arccos(q/
√
q2 + λ2). A corre-
sponding value of the right-hand-side integral in (7) is
π//
√
q2 + λ2. In result, from numerical solution of inte-
gral equation (7) we find the radius of the event horizon
image reh =
√
q2 + λ2 = 4.457. The near hemisphere of
the event horizon with a radius rh = 2 is projected by
the lensing photons into the central (light blue) disk of
the image with a radius rEW ≃ 2.848. Respectively the
far hemisphere is projected into the hollow (dark blue)
disk with an outer radius reh ≃ 4.457, which is a radius
of the event horizon image.
In the general axially symmetric Kerr case, when a 6=
5Figure 7. The detailed view of the event horizon image of
extreme Kerr black hole. in the extreme Kerr case (a = 1).
0, a turning point in θ–direction is
θ0=arccos


√√
4a2q2+(q2+λ2−a2)2−(q2+λ2−a2)
2a2

,
and the event horizon image has a more complicated
form. The corresponding numerical solution of integral
equation (7) for the outer boundary of the event horizon
image of the extreme Kerr black hole (a = 1) is pre-
sented graphically in Figs. 6 and 7. The near hemisphere
of the event horizon is projected by the lensing photons
into the central (light blue) region. Respectively the far
hemisphere is projected into the hollow (dark blue) re-
gion. Images of some parallels and meridians of the event
horizon globe are also shown.
The black hole horizon and its image are both syn-
chronously rotating as a solid body with an angular ve-
locity
Ωh =
a
2(1 +
√
1− a2) . (8)
Additionally the plunging test probes are infinitely wind-
ing in φ direction by approaching the event horizon if
a 6= 0. This very specific feature of the rotating black
hole complicates the procedure for fixation of meridians
on the event horizon image. By definition, the lensed
image of meridians on the rotating event horizon globe
are marked by photons, emitting at the same radii along
the chosen meridian, r = rh + ǫ and ǫ = const≪ 1, i. e.,
very close but still a little bit above the event horizon
Figure 8. Numerical calculation of the lensed images of
the spherical compact star with orbital parameters γ = 1,
λ = q = 0 plunging into rotating black hole with a = 0.998 at
the equatorial plane and shown in discrete times. A distant
observer is placed above the equatorial plane at cos θ = 0.1.
The lensed images are winding around black hole at the equa-
torial parallel θ = pi/2 of the event horizon globe when plung-
ing star is approaching the event horizon. It is shown the
first circle of this winding. See numerical animation of this
gravitational lensing at [55].
at r = rh. Once being marked, these lensed image of
meridian will be rotating synchronously with the event
horizon.
See in Fig. 8 the lensed images of compact star plung-
ing into rotating black hole shown in discrete time (from
numerical animation [55]). These lensed images are wind-
ing around black hole at the equatorial parallel θ = π/2 of
the event horizon globe when plunging star is approach-
ing the event horizon. In particular, the last detected
highly red-shifted photons from these lensed images re-
veal the equatorial parallel of the event horizon image
which is placed inside the black hole shadow. For com-
parison see in Fig. 9 the numerical calculation of the di-
rect image and the first and second light echoes images
of a compact probe (star) orbiting around rotating black
hole and viewed by a distant observer. All light echoes
images are placed outside the black hole shadow.
6Figure 9. Gravitational lensing of a compact probe (star)
orbiting the rotating black in the equatorial plane at radius
r = 20 and viewed by a distant observer in discrete time
intervals. A distant observer is situated above the equatorial
plane at cos θ = 0.1. Direct star images and also the first and
second light echoes around the black hole shadow (filled gray
region) are shown in discrete time intervals. For details see
[56, 57].
4. CONCLUSION
We show that gravitational lensing of the luminous
matter plunging into black hole provides the principle
possibility for visualization of the black hole event hori-
zon. For a distant observer the event horizon image is
projected on the celestial sphere within the correspond-
ing black hole shadow.
The event horizon image is projected within the po-
sition of black hole shadow on the celestial sphere, pre-
dicted by the Kerr metric (see Figs. 2–5). Depending
on real astrophysical conditions, the future advanced ob-
servations of the supermassive black hole SgrA* have a
chance to reveal both the black hole shadow and the event
horizon image (by simultaneous monitoring with several
telescopes of different types) or one of them.
The black hole shadow is revealed by observations
(e. g., in the X-rays or in the near far Infra-Red) of the
foreground sources, e. g., the gravitationally lensed im-
ages of normal stars or neutron stars behind the black
hole, which are moving around black hole on the sta-
tionary orbits. This possibility is illustrated in figure 2
and in the corresponding animated numerical simulation
[56, 57].
At the same time, the distant observer may reveal
event horizon image by detecting the highly red-shifted
photons (e. g., in the radio waves) radiated very near the
black hole horizon by the plunging compact sources (e. g.,
neutron stars or gas clouds). The helpful hints for the
future observers of the black hole event horizon are the
following: (1) Mark the position of the predicted black
hole shadow on the celestial sphere by using Eqs. (5) and
(6) for the Kerr metric. It does not matter see you or
not of this shadow in reality. (2) Wait for serendipitous
appearance of the compact source plunging into black
hole and provide monitoring of its lensed image within
the marked black hole shadow. (3) The determined po-
sitions on the celestial sphere of the last detected highly
red-shifted photons from different plunging sources re-
veal finally the requested event horizon image. This pos-
sibility is illustrated in figure 5 and in the correspond-
ing numerical animation [55] of the lensed images of the
spherical compact star plunging into rotating black hole
at the equatorial plane.
It must be stressed, however, that the described event
horizon image may be recovered only under the very spe-
cific astrophysical conditions, when near the black hole
there are only the rarely plunging compact objects and
the stationary accretion flow is extremely small. The very
promising case is the supermassive black hole SgrA* in
the Galactic Center, which is a “dormant quasar” in view
of its very weak nowadays activity.
A real visualization of the event horizon image is an ex-
tremely complicated problem because photons, emitted
near the event horizon, are highly red-shifted by reaching
the distant observer. For this reason the resulting accu-
racy of the event horizon imaging depends on the sen-
sitivity of photon detector used by the distant observer.
New technological solutions are requested for mining the
highly red-shifted photons deeply buried inside the black
hole shadow.
The resulting event horizon image is a gravitationally
lensed projection on the celestial sphere of the whole
black hole event horizon sphere. Seemingly, black holes
(as well as white holes and wormholes) are the unique
objects in the Universe which may be viewed by distant
observers at once from both the front and back sides. The
similar statements on the properties of the event horizon
image were made in [58] for the Schwarzschild case.
We finally conclude that a genuine image of the black
hole is not its shadow, but a more compact event hori-
zon image for observation of which the special conditions
should be satisfied.
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